INTRODUCTION
Self-transmissible plasmids and conjugative transposons contain the ardA and ardB genes encoding specific inhibitors of the type I restriction-modification (RM) systems (Zavil'gel'ski 2000; Tock and Dryden 2005) . The genes of ardA (alleviation of restriction of DNA) are responsible for the synthesis of small size (166-177 amino acid residues), strongly acidic (a net negative charge of -22 to -29) antirestriction proteins (Belogurov et al. 1985; Delver et al. 1991; Chilley and Wilkins 1995) . ArdA antirestriction proteins inhibit both restriction (endonuclease) and modification (methylase) activities of RM enzymes simultaneously (Delver et al. 1991; Chilley and Wilkins 1995) . The structures of the ArdA proteins mimic DNA both in size and surface charge distribution (protein mimicry of DNA) and have high affinity for binding to the RM enzyme (McMahon et al. 2009 ). The ArdA protein forms a strong complex with the type I RM enzyme (R 2 M 2 S 1 ), thereby significantly reducing the probability of enzyme-DNA integration (competitive inhibition mechanism).
The ArdB/KlcA proteins are small size (140-150 amino acid residues) and acidic nature (a net charge of -5 to -7). The ArdB/KlcA proteins in vivo inhibit only restriction (endonuclease) activity of the type I RM enzymes (Belogurov, Delver and Rodzevich 1993; Serfiotis-Mitsa et al. 2010; Balabanov, Pustovot and Zavil'gel'ski 2012) and do not form a complex with the type I RM enzymes in vitro (Serfiotis-Mitsa et al. 2010) , which is in contrast to the ArdA DNA mimics. The gene encoding the ArdB homolog was found in the self-transmissible RK2 plasmid belonging to the incompatibility group IncPα; however, it did not show antirestriction activity, and, besides, it inhibited cell growth with increasing expression, and therefore was assigned to the killer protein, called klcA (Larsen and Figurski 1994) . Despite a significant amino acid variation in the primary structure of KlcA and ArdB, the proteins contain groups of conserved amino acid residues that give a unique three-dimensional structure of a compact globule in the form of a tetrahedron (Oke et al. 2010; Serfiotis-Mitsa et al. 2010) .
It was previously shown that the KlcA protein, encoded by a gene located in self-transmissible plasmids, promotes the spread of pathogenic bacteria Klebsiella pneumoniae resistant to carbapenems, the β-lactam group antibiotic (Liang et al. 2017) . The presence of the klcA gene in the plasmids increases approximately 4-6 times the transformational efficiency of Escherichia coli cells carrying genes encoding the type I RM system in their genome. The close connection of the antirestriction activity of KlcA proteins with the spread of the transmissible plasmids with antibiotic resistance genes in the bacterial population indicates the important role of KlcA (ArdB) family proteins in the process of horizontal gene transfer (Liang et al. 2017) .
In the present study, the antirestriction activity of KlcA and ArdB proteins was measured as a function of their intracellular concentration, and the functional role of conserved amino acid residues was determined. The genes klcA and yfeB (ardB) from the self-transmissable plasmids RP4 (IncP α ) and R64 (IncI1), respectively, were examined.
MATERIALS AND METHODS

Bacterial strains and bacteriophages
The E. coli strains and plasmids used in this study are described in Table 1 . Primers used to amplify genes klcA, native and mutant forms of yfeB (ardB) are listed in Table S1 (Supporting Information).
The bacteriophage λ vir was a gift from Prof. R. Devoret (France). Unmodified phages λ.0 and modified phages λ.k were grown on E. coli TG-1 and E. coli AB1157, respectively.
Mediums, enzymes and reagents
Luria-Bertani media (10 g/L of tryptone, 5 g/L of yeast extract, 10 g/L of NaCl) and Luria-Bertani agar were used for growing the cultures in all experiments. The concentrations of antibiotics in nutrient media were ampicillin 100 μg/ml (Sigma-Aldrich, USA), kanamycin 40 μg/ml. The restriction and ligation reactions were carried out using enzymes from Thermo Fisher Scientific. The selection of the clones was carried out with the addition of Isopropyl β-D-1-thiogalactopyranoside (IPTG) ( Sigma-Aldrich, USA) and 5-bromo-4-chloro-3-indolyl-β-D-galactopyranoside (X-Gal) (Thermo Fisher Scientific). Endonuclease restriction, ligation of DNA fragments, agarose gel electrophoresis, extraction of DNA fragments from an agarose gel, transformation of E. coli, DNA sequence analysis and oligonucleotide-directed mutagenesis were performed according to standard protocols (Sambrook, Fritsh and Maniatis 1989) .
Measurement of the ArdA, ArdB and KlcA antirestriction activity
To measure the antirestriction activity of ArdA, ArdB (YfeB) and KlcA proteins, the phage technique was used (Delver et al. 1991) : titration of phage λ.0 (containing unmodified DNA) was carried out using E. coli strain K12 AB1157 as the host bacterium with an active type I RM EcoKI enzyme. Antirestriction was defined as the efficiency of λ.0 plating (EOP) obtained with strain containing the plasmid expressing the klcA or ardB gene divided by the EOP obtained from strain containing the vector plasmid. Anhydrotetracycline (Sigma-Aldrich, USA) was used as an inducer of gene expression in the strain of E. coli MG1655Z1 with hybrid plasmids of the pZ series.
Identification of ArdB protein in E. coli cells BL21(DE3) cells containing plasmids (pET15b) with the native ardB gene or mutant alleles were grown in LB medium with addition of ampicillin (100 μg/ml) with aeration at 37
• C to OD 600 = 0.5-0.6. After the addition of IPTG (1 mM), the incubation was continued for 30 min. Cells were sonicated on ice, and debris was removed by centrifugation at 15 000 g for 15 min. Proteins were analyzed by gradient 15-20% SDS-PAGE and visualized by staining with Coomassie blue R250.
Measurement of bioluminescence intensity
To measure the genes expression located in the pZE21 vector, the previously constructed hybrid plasmid pZE21-lux was used (Zavilgelsky, Kotova and Rastorguev 2008; Zavil'gel'ski, Kotova and Rastorguev 2009) , depending on the concentration of the inducer anhydrotetracycline. The bioluminescence of the E. coli cell suspension (200 μl) with pZE21-lux plasmid was measured using an LM-01A (Immunotech Co., Czech Republic) or Biotox -7 (Ekon, Russia) luminometer at room temperature.
3D visualization and protein surface analysis
PyMol (DeLano, 2002) was used to visualize ArdB structure (Oke et al. 2010; Serfiotis-Mitsa et al. 2010) . The position of the conserved amino acids relative to the surface of the protein was analyzed. -12 (F-thr-1, leu-6, proA2, his-4, thi-1, argE3, lacY1, galK2, ara14, xyl-5, mtl-1, tsx-33, rpsL31, supE44, The klcA gene inserted in pGEM-T Easy under the control of the P lac promoter. The plasmid RK2 was used as the matrix of the klcA gene.
This study pZE21-KlcA The klcA gene was subcloned from pGEM-KlcA with KpnI/HindIII restriction sites into the pZE21 vector under the control of the P ltetO-1 promoter.
This study pGEM-ArdB The yfeB (ardB) gene inserted in pGEM-T Easy under the control of the P lac promoter. The transmissible plasmid R64 was used as the matrix of the yfeB (ardB) gene.
This study
pZE21-ArdB
The yfeB (ardB) gene was subcloned from pGEM-ArdB with KpnI/HindIII restriction sites into the pZE21 vector under the control of the P ltetO-1 promoter. Balabanov et al. (2012) pZE21-ArdA The ardA (R64) gene was subcloned from pVB1 with Kpn1/HindIII restriction sites into the pZE21 vector under the control of the P ltetO-1 promoter Balabanov et al. (2012) pYfeB The yfeB (ardB) gene inserted in pTZ57R/T under the control of the P lac promoter. The transmissible plasmid R64 was used as the matrix of the yfeB (ardB) gene. Kudryavtseva et al. (2017) pYfeBrev The yfeB (ardB) gene inserted in pTZ57R/T in the opposite orientation to the P lac promoter. Kudryavtseva et al. (2017) pYfeB-D141 pYfeB with the deletion D141 in the yfeB (ardB) gene. Kudryavtseva et al. (2017) pYfeB-D141T pYfeB with the substitution D141T in the yfeB (ardB) gene. Kudryavtseva et al. (2017) pYfeB-D141E pYfeB with the substitution D141E in the yfeB (ardB) gene. Kudryavtseva et al. (2017) pYfeB-D141N pYfeB with the substitution D141N in the yfeB (ardB) gene. Kudryavtseva et al. (2017) pYfeB-R16A pYfeB with the substitution R16A in the yfeB (ardB) gene. This study pYfeB-E32A pYfeB with the substitution E32A in the yfeB (ardB) gene. This study pYfeB-N77A pYfeB with the substitution N77A in the yfeB (ardB) gene. Kudryavtseva et al. (2017) pYfeB-S84L pYfeB with the substitution S84L in the yfeB (ardB) gene. This study pYfeB-E132A pYfeB with the substitution E132A in the yfeB (ardB) gene. This study pET-YfeB
The yfeB (ardB) gene was subcloned from pYfeB with NcoI/BamHI restriction sites into the pET15b vector under the control of the P T7 promoter.
This study pET-YfeB D141 The yfeB (ardB) gene was subcloned from pYfeB-D141 with NcoI/BamHI restriction sites into the pET15b vector under the control of the P T7 promoter.
This study pET-YfeBR16A
The yfeB (ardB) gene was subcloned from pYfeB-R16A with NcoI/BamHI restriction sites into the pET15b vector under the control of the P T7 promoter.
This study pET-YfeBE32A
The yfeB (ardB) gene was subcloned from pYfeB-E32A with NcoI/BamHI restriction sites into the pET15b vector under the control of the P T7 promoter.
pET-YfeBS84L
The yfeB (ardB) gene was subcloned from pYfeB-S84L with NcoI/BamHI restriction sites into the pET15b vector under the control of the P T7 promoter.
This study pET-YfeBE132A
The yfeB (ardB) gene was subcloned from pYfeB-E132Awith NcoI/BamHI restriction sites into the pET15b vector under the control of the P T7 promoter.
This study VKPM, Russian National Collection of Industrial Microorganisms. 
RESULTS
Antirestriction activity measurement of KlcA (RP4) and ArdB (R64) proteins
Since the KlcA (RP4) protein (the amino acid sequence of which is identical to that of the KlcA (RK2) protein) contains highly conserved amino acid residues distinguishing the ArdB family (E32, N77, S84, E132, D141, etc.), it was interesting to determine the reason for the absence of antirestriction activity of KlcA (Balabanov, Pustovot and Zavil'gel'ski 2012). In this study, we studied antirestriction activity of ArdB (R64) protein using mutational substitutions to determine the key amino acid residues, the replacement or deletion of which leads to a loss of the antirestriction activity. A strain of E. coli K-12 AB1157 was used to measure the antirestriction activity of KlcA and ArdB proteins. The strain AB1157 contains the active type I RM system EcoKI (R 2 M 2 S 1 ). The measurement of the antirestriction activity of KlcA and ArdB was performed by titration of a bacteriophage λ.0 containing unmethylated DNA. The results of the measurements are shown in Table 2 . The EOP of phage λ.0 is approximately four orders of magnitude lower on the AB1157 cells than the EOP of phage λ.0 on cells of the control strain (E. coli TG-1 strain) that does not contain type I RM system. If the plasmid containing the klcA or yfeB (ardB) gene is present in AB1157 strain, the EOP of phage λ.0 is increased approximately 9000 times. Therefore, the KlcA RP4 and ArdB R64 inhibit the restriction activity of the EcoKI enzyme approximately equally.
The inductor concentration dependence on bioluminescence intensity (calibration curve)
Intracellular concentrations of synthesized proteins were evaluated using a bioluminescent method (Zavilgelsky, Kotova and Rastorguev 2008) . The bioluminescence intensity of the cell suspension of MG1655Z1 strain containing the hybrid plasmid pZE21-lux with luxCDABE reporter genes is directly proportional to the intracellular concentration of the synthesized luciferase within a wide range (more than six orders). The high sensitivity of the bioluminescence method makes it possible to evaluate ultralow concentrations of an enzyme in a cell. Bioluminescence intensity (in relative units) of E. coli MG1655Z1 cells with pZE21-lux plasmid varies from 10 (absence of anhydrotetracycline inductor) to 50 000 (20 ng/ml and more of anhydrotetracycline-the condition of complete opening of the promoter), i.e. approximately 5000-fold (Fig. 1) . Hence, the amount of luciferase increases approximately 5000 times in the cell. As a result, the calibration curve that determines the amount of luciferase protein in the cell depending on the concentration of the anhydrotetracycline inductor was obtained. It can be assumed that when the klcA and ardB (yfeB) genes are in pZE21 plasmid and expressed under the same conditions, the relative amount of protein will vary within the same limits as the amount of luciferase.
KlcA and ArdB antirestriction activity depends on their content in a bacterial cell
The measurement of the antirestriction activity of KlcA and ArdB is determined by EOP of λ.0 bacteriophage on MG1655Z1 cells, containing a plasmid with the klcA or yfeB (ardB) genes. Since the genome of the MG1655Z1 strain contains the hsdRMS genes encoding the type I RM enzyme EcoKI, the EOP of λ.0 phage on the MG1655Z1 cells is about four orders of magnitude lower than EOP of λ.0 phage on cells of the control strain (TG-1) that does not have a type I RM system. However, when the MG1655Z1 strain contains a plasmid with klcA or yfeB (ardB) gene, the EOP of λ.0 phage rises with an increase in the amount of synthesized protein. Table S1 (Supporting Information) and Fig. 2 present the dependencies of the antirestriction activity on the concentration of KlcA, ArdB and ArdA proteins. The antirestriction activity of ArdA R64 protein was measured and added for comparison. The maximum level of antirestriction activity of KlcA and ArdB proteins is observed when the final concentration of anhydrotetracycline inductor was not less than 20 ng/ml. At lower concentrations of the inducer, the antirestriction activity of KlcA and ArdB similarly decreases approximately to 1. We show that the EcoKI restriction inhibition efficiency of KlcA (RP4) and ArdB (R64) proteins is significantly lower than that of ArdA protein: for an equal level of EcoKI enzyme inhibition, the KlcA and ArdB proteins require an intracellular concentration approximately 50-100 times higher than that of the ArdA protein.
The impact of highly conserved amino acid substitutions on the ArdB (R64) antirestriction activity
Highly conserved amino acids in ArdB and KlcA proteins (data on 43 homologs; Serfiotis-Mitsa et al. 2010 ) are R16, F19, P21, F24, G25, E32, Y46, G48, G49, W51, P65, N77, S84, D86, G89, I90, E132, I136, L140, D141 (numbered according to ArdB (YfeB), R64). Conservative amino acid residues located inside the globule are likely necessary for the formation of a hydrophobic core (F19, P21, W51, G89, I90, I136) and were not studied here. Of interest were amino acid residues located on the surface of the protein.
On the surface of the ArdB R64, four groups of conserved amino acids can be distinguished ( fig. 3 and fig. 11 from Serfiotis-Mitsa et al. 2010) : (1) R16, E32; W51; (2) Y46, G48; (3) S84, D86, E132; and (4) N77, L140; D141. Previously, the impact of amino acid mutational substitutions N77 and D141 (the fourth group) on the ArdB antirestriction activity was investigated (Kudryavtseva et al. 2017) . It was shown that the mutant ArdB protein, where the terminal amino acid D141 was deleted, completely lost its antirestriction activity. The complete loss of ArdB antirestriction activity was also caused by the substitutions D141T and D141N. The substitution of the polar asparagine N77 with hydrophobic alanine (N77A) decreases the EOP of λ.0 phage approximately 20-to 40-fold (Kudryavtseva et al. 2017) .
In this study, we investigated the impact of conservative amino acid mutational substitutions on the ArdB antirestriction activity. Two amino acids of the first group and two amino acids of the third group were selected: R16, E32, S84 and E132. These groups of conservative amino acid residues are located on the same surface in the tertiary structure (tetrahedron) of the ArdB monomer as amino acid residues from fourth group N77 i D141 (Fig. 3) .
The antirestriction activity of the obtained variants was tested by the EOP of λ.0 phage on E. coli AB1157 strain containing plasmids with corresponding mutant of the ardB gene. As presented in Table 3 , the presence of the plasmid with the native ardB gene under the control of the P lac promoter in the AB1157 strain increases the EOP of λ.0 phage by 8800 times (third line). Table 3 also presents the antirestriction activity of the mutant forms of the ArdB (R64) protein with substitutions of first and third group amino acid residues R16, E32, S84 and E132. There is a significant decrease in the antirestriction activity level (approximately 100-fold) when replacing amino acid residues E32 and E132 with a hydrophobic alanine residue. The substitution of the S84 with hydrophobic L decreases the EOP of λ.0 phage approximately 40-fold. Substitution of the positively charged R16 with a hydrophobic alanine residue substantially does not change the ArdB antirestriction activity -with only a 2-fold decrease.
Measurement of the synthesis efficiency of the native ArdB protein and its mutant forms expressed from T7 promoter (pET15b vector) in the BL21 (DE3) strain showed that the mutations of the ArdB protein studied do not affect either the level of synthesis or the protein stability (Fig. S1 , Supporting Information).
DISCUSSION
Previously, the KlcA protein did not show antirestriction activity when the klcA gene was expressed from the transmissible plasmid RK2 (IncPα) (Larsen and Figurski 1994 ). The present study shows that the KlcA (RP4) protein, which is completely identical to the amino acid sequence of the KlcA protein (RK2), inhibits the restriction activity of the EcoKI enzyme to almost the same level as the ArdB protein. This seemingly contradictory result is in fact simply explained. The reason for the contradiction is the different strength of the promoters, as well as the different copy number of vectors. As it can be seen from Table S2 (Supporting Information) and Fig. 2 , the intracellular concentration of the KlcA protein is approximately 50 to 100 times higher than that of the ArdA protein, which demonstrates antirestriction activity. If expression of the klcA gene is carried out under a weak promoter and in a low copy number vector, then the antirestriction activity of the KlcA protein is not observable (Larsen and Figurski 1994) . As one possible hypothesis for explaining the absence of antirestriction activity in KlcA RK2, the authors suggested a low level of expression of the klcA gene (Larsen and Figurski 1994) . The data presented in this paper confirmed the validity of this hypothesis. The KlcA RK2 protein has a high degree of homology with the KlcA 136 protein, which has a relatively high antirestriction activity, approximately 2500-fold reduction in the restriction level of the λ.0 phage (Serfiotis-Mitsa et al. 2010) .
Conserved amino acids may not be adjacent to the primary structure of the protein or not belong to the same element of the secondary structure, but are spatially close together upon the formation of the globule. On the surface of the ArdB R64, four groups of conserved amino acids can be distinguished ( fig.  3 and fig. 11 from Serfiotis-Mitsa et al. 2010) : (1) R16, E32; W51; (2) Y46, G48; (3) S84, D86, E132; and (4) N77, L140; D141. The key role of the terminal negatively charged amino acid D141 and asparagine N77 (the fourth group) in the ArdB/KlcA antirestriction activity has been previously shown (Kudryavtseva et al. 2017) . A significant role in the ArdB antirestriction activity is played by conservative amino acid residues of groups 1 and 3 (E32, S84, E132) located on the surface of the tetrahedron at the same level with the amino acid residues of group 4 (N77, D141) ( Table 3) .
Since the C-terminal aspartate D141 is the key amino acid that reveals the ArdB/KlcA antirestriction activity, it is possible to define a conserved region forming a 'ring belt' on the globule surface consisting of E32, N77, S84, E132 and D141, as the 'key section' of ArdB/KlcA. High conservation, as well as the need to preserve the charge in the 'key section' of ArdB/KlcA, allows us to make the assumption about the participation of the aspartate D141 and the close proximity of amino acid residues E32, N77, S84 and E132 in the formation of the ArdB/KlcA complex with other proteins involved in inhibiting the restriction (endonuclease) activity of type I RM systems.
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